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The effects of key regulatory molecules in hematopoietic lineage specification of multipotent progenitor cells are considered in terms of either instructive or selective mechanisms. In the first kind of mechanism, molecules such as exogenous cytokines or endogenous transcription factors instructively activate specific transcriptional programs to direct naïve progenitor cells toward a certain lineage (Martin et al. 1993; Nutt et al. 1999; Iwasaki et al. 2003; Xie et al. 2004 ). In the second kind of mechanism, growth factors support the differential survival or proliferation of particular cell lineages from a mixture of precursors that were specified differentially through some other, possibly stochastic, mechanism. These kinds of mechanistic options are weighted differently in postembryonic hematopoiesis than they would be in many well-characterized embryonic systems of differentiation, where overall timing and coordination of morphogenesis sets strict constraints. Hematopoietic precursors do retain substantial plasticity during differentiation, and selective signals from the microenvironment clearly amplify the effects of transcription-factor combinations to determine cell fate (Graf 2002; Miyamoto et al. 2002) . Thus, possible examples of instructive specification in hematopoiesis require close examination to define the direct mechanisms through which cell lineage is chosen.
Within the hematopoietic system, the best-studied candidate for an instructive agent of lineage choice is the role of Notch1 signaling in T-lymphocyte lineage commitment. Notch proteins mediate cell-fate decisions in various developmental systems (Greenwald 1998; Artavanis-Tsakonas et al. 1999) . They comprise a family of transmembrane receptors that control cellular differentiation in response to binding of ligands of the Delta or Jagged families. Ligand binding releases an activated intracellular Notch domain (Schroeter et al. 1998 ) that binds to CSL, thereby converting it from a repressor into an activator and resulting in the expression of downstream target genes (Tamura et al. 1995) such as HES1 and HES5 (Jarriault et al. 1995 ; de la Pompa et al. 1997; Davis and Turner 2001) . Notch signaling appears to be important both to induce T-cell development and to block an alternative pathway leading to B-cell development. Loss of Notch1 function in lymphoid progenitors results in B lymphopoiesis within the thymus, at the expense of T-cell development (Wilson et al. 2001) , suggesting that Notch1 has an important role in a T-versus B-cell lineage choice. Gain-of-function studies support this further, as overexpression of a constitutively active form of Notch induces ectopic T-cell development in the bone marrow and inhibits B-cell development that would normally take place there (Pui et al. 1999; De Smedt et al. 2002) . In vivo, multiple Notch ligands are expressed by the epithelial cells of the thymus (Anderson et al. 2001 ), the privileged environment in which T-cell development is induced, and entry of the first embryonic hematopoietic precursors into the thymus is accompanied by induction of HES-1 (Harman et al. 2003; ). T-cell development appears to depend on a Notch1-Delta interaction, since only Delta class ligands can efficiently support T-cell development (Schmitt and Zúñiga-Pflücker 2002; Hozumi et al. 2004; Lehar et al. 2004) .
T-cell precursors do not undergo lineage commitment in vivo until after they enter the thymus, and only lowlevel T-lineage gene expression, if any, is seen in prethymic precursors (for review, see Shortman et al. 1998; Rothenberg 2000; Rothenberg and Dionne 2002; Schwarz and Bhandoola 2004; Rothenberg and Taghon 2005) . Thus, an attractive model has been that pluripotent precursors only undertake the T-cell program when triggered by contact with Notch ligands upon entry into the thymic epithelium. Nevertheless, it has remained obscure how Notch/Delta signaling positively initiates the T-lineage differentiation program. No direct pathway has been established to show how a mediator of Notch signaling, such as RBPSuh/CSL, actually induces the complex gene expression changes that result in T-lineage specification. Although implicated in regulating some phases of pT␣ expression once the T-cell program is already under way Reizis and Leder 2002) , Notch activation has not been shown to be linked to induction of crucial T-lineage transcription factors such as GATA-3 (Ting et al. 1996; Pai et al. 2003) and TCF (Verbeek et al. 1995; Staal and Clevers 2003) in a pluripotent precursor context. Also, while a binarychoice switching model is widely discussed, it has remained very controversial whether the onset of T-cell gene expression and the inhibition of B-cell development and other developmental alternatives occur through separate or linked mechanisms. While Notch signaling is the leading candidate for an instructive regulator of Tcell specification, there has been no evidence yet to show whether it is sufficient.
A recently established monolayer culture system (Schmitt and Zúñiga-Pflücker 2002) provides a new opportunity to expose the earliest stages of T-cell development for detailed tracking of the commitment process. In this system, the bone marrow stromal line OP9, which normally supports B-cell development in the presence of cytokines Flt3-L and IL-7, is converted to a T-cell inductive stroma by transfection with DL1 (OP9-DL1). Here, we have dissected the kinetics and mechanisms of early T-versus B-lineage differentiation through a detailed analysis of the development of pluripotent fetal liver (FL) progenitor cells on OP9-control and OP9-DL1 stromal cells (Schmitt and Zúñiga-Pflücker 2002) , testing time course and the reversibility of gene expression and cell-surface changes down to subpopulation and clonal levels. Our data show that lymphoid progenitor cells actually retain a high degree of flexibility in responses to instructive Notch signaling, and that continuous Notch signaling is needed to maintain development along the T-cell pathway.
Results

Kinetics of early T-and B-cell development
Notch signaling has been shown to induce T-cell specification of multipotent hematopoietic progenitors. To define the exact events triggered and to compare them with those of B-cell differentiation, we cultured c-Kit + Lin − FL cells on OP9-control and OP9-DL1 stromal cells (Schmitt and Zúñiga-Pflücker 2002) , and performed a kinetic analysis of changes in cell-surface markers diagnostic of specific hematopoietic differentiation pathways.
Both OP9-control and OP9-DL1 stromal cultures support the initial proliferative expansion of recognizable lymphoid progenitors. Beside c-Kit, one cell-surface molecule associated with lymphoid precursor cells is CD27 (Igarashi et al. 2002) , which is also expressed on early intrathymic progenitors (Allman et al. 2003) ; CD27 is expressed in ∼30% of the c-Kit + Lin − FL cells initially (data not shown). As expected, in both OP9-control and OP9-DL1 cultures, already after 1 d, an increase in the frequency (Fig. 1A) and number ( Fig. 2 ) of c-Kit + CD27 + cells was observed. In OP9-control cultures, although the absolute cell number continues to increase greatly (Fig. 2 , black bars), the frequency of these progenitor cells reproducibly decreases after 3 d of culture, and by day 6, their absolute number also starts to decrease. This is mainly due to a decrease in the percentage of cells that were CD27 + from day 3 onward rather than a reduction in c-Kit + cells (Fig. 1A) . Over the same period, the first CD19 + cells appear, which develop exclusively in OP9-control cultures and do not express CD27, and initially retain c-Kit + . In contrast, in OP9-DL1 cultures, the number of c-Kit + CD27 + cells continues to increase up until day 6 (Fig. 2, white bars) . Then, their frequency starts to decrease slightly (Fig. 1A) , in this case due to loss of c-Kit expression. From day 3 onward, the first recognizable T-lineage cells are detected based on expression of Thy1 and CD25. Coinciding with the appearance of the first CD44 + CD25 + DN2 and CD44 − CD25 + DN3 thymocytes, the cells start to express higher levels of Thy1 and first down-regulate, then lose expression of c-Kit, while retaining CD27 (Fig. 1A) . Thus, the differential regulation of CD27 relative to c-Kit is correlated with the emer-gence of cells expressing clear T-or B-lineage markers (Fig. 1B) .
At least some of c-Kit + Lin − cells are capable of myeloid development, producing CD11b + Gr-1 + cells on both OP9-control and OP9-DL1 stroma, with a higher frequency in OP9-control cultures (Fig. 1A ), in agreement with previous reports (Schroeder and Just 2000; Kumano et al. 2001; De Smedt et al. 2002) . We never observed a significant fraction of NK cells in these cultures (data not shown).
Thus, the first cells with the phenotypes of committed B-and T-lineage cells develop after 3 d of culture, but coexist with undifferentiated precursor-type cells and cells undertaking other differentiation pathways for at least 6 d.
Delayed time course of early lymphoid gene expression
The OP9 culture system provides several stimuli to differentiation, including IL-7, Flt3-L, Jagged-class Notch ligands on both kinds of stroma, and Delta-like 1 only on OP9-DL1 (Schmitt and Zúñiga-Pflücker 2002) . To determine how these triggers result in T-versus B-lineage specification of pluripotent precursor cells, we analyzed the kinetics of expression of known important hematopoietic regulatory genes , using quantitative real-time RT-PCR.
Responses to Notch signaling were evident within the first day. The Notch downstream target HES-1 was specifically up-regulated in FL cells cultured on OP9-DL1, and responded with rapid kinetics, reaching its maximum level at day 1 and remaining constant over 6 d (Fig.  3 ). Supplementary Figure 1 shows that Deltex1 and Nrarp, as well as HES-1, were rapidly and specifically induced by OP9-DL1 in the c-kit + CD27 + hematopoietic cells. A different Notch response gene, HES-5, was modestly up-regulated under both conditions at days 1-2, possibly responding to the Jagged-class Notch ligands on both OP9 stromal lines (Fig. 3) .
pT␣ and CD3⑀, T-lineage-specific differentiation genes, were induced only in the OP9-DL1 cultures. How- ever, the increase was not seen until from day 3 onward (Fig. 3) , coincident with CD25 mRNA expression (data not shown) and with the appearance of the first CD44 + CD25 + DN2 thymocytes (Fig. 1A) . The essential T-cell-specific transcription factors GATA-3 and TCF-1 were also up-regulated dramatically, and this induction was also seen only in OP9-DL1 cultures. Surprisingly, although both factors are required for T-cell development earlier than the expression of CD25, pT␣, or CD3⑀, the increase in GATA-3 and TCF-1 expression was also delayed until about day 3 of DL1 signaling, in parallel with the T-lineage differentiation genes.
Conversely, the B-lineage commitment factor Pax-5 was only induced efficiently on OP9-control cultures, and also required Ն3 d to be induced, in accord with the appearance of the first cells expressing CD19 (Fig. 1A) , a known Pax-5 target gene. Early B-cell Factor (EBF) was substantially up-regulated in OP9-control cultures and down-regulated in OP9-DL1 cultures from day 4 onward (Fig. 3 ), in accord with its B-lineage promoting function. Background EBF expression from the OP9 cells themselves masked low-level expression earlier than day 3 (data not shown). RAG-1 and IL7R␣ are required for both B and T cells (Mombaerts et al. 1992; Peschon et al. 1994) , and were up-regulated in FL cells in both cultures, with similar kinetics to the lineage-specific genes in each case (Fig. 3) .
Other lymphoid developmental requirements were met by precursor-cell expression or induction coordinate with the rest of the B-and T-cell programs. The transcription factors E2A or HEB, required for B-cell and Tcell development, were already expressed in the precursors and maintained as differentiation began (data not shown). The Ikaros gene family (Rebollo and Schmitt 2003) showed lineage specificity in expression (Georgopoulos et al. 1994 ), but did not define any new transitional events between days 1 and 3. Ikaros, expressed in the initial precursors, was up-regulated in FL cells on either OP9-control or OP9-DL1 stromal layers, starting at about day 3 (Fig. 3 ) and slightly higher in OP9-control, consistent with the early requirement for Ikaros in B-cell development (Allman et al. 2003) . Aiolos was also induced from day 3 onward, with higher expression in OP9-control as compared with OP9-DL1 cultures. Helios, thought to be T-lineage specific (Hahm et al. 1998) , was expressed in the initial precursors and down-regulated on OP9-control stromal cells, but up-regulated on OP9-DL1 stromal cells in parallel with the T-lineage genes ( Fig. 3) .
Notch signaling in the OP9 culture system could promote T-cell specification not only by positive regulation of lymphocyte genes, but also by the repression of multipotent stem cell genes. Stem cell-specific regulatory gene expression in these cultures declined slowly, however, while expression of other factors needed for B-and T-cell development was relatively stable. GATA-2, crucial for hematopoietic progenitor cells (Tsai et al. 1994) , was gradually down-regulated in both OP9-control and OP9-DL1 cultures, but persisted longer in the presence of extensive Notch/Delta signaling ( Fig. 3) , in agreement with a recent report (Kumano et al. 2001) . Expression of PU.1, another transcription factor expressed in hematopoietic progenitors and required for B-and T-cell development (Scott et al. 1994; McKercher et al. 1996) continued in both B-cell and T-cell culture conditions (Fig.  3) . Cell fractionation experiments showed that PU.1 continued to be expressed in c-Kit + CD27 + lymphoid precursors as well as in myeloid CD11b + Gr-1 + cells (Supplementary Fig. 2 ). In contrast, induction of GATA-3 and TCF-1 after 4 d in OP9-DL1 cultures was essentially limited to the c-Kit + CD27 + population, while Pax-5 induction in OP9-control cultures was most enriched in c-Kit
− CD11b − cells. Thus, the critical regulatory changes associated with B-and T-lineage differentiation occur coordinately, but only after Ն3 d of culture on OP9-control or OP9-DL1, in parallel with the phenotypic changes shown in Figure  1A . However, these events are significantly delayed from the onset of direct Notch target gene expression.
Delayed commitment relative to initiation of differentiation
In both stromal cultures, cells resembling uncommitted progenitors were still present at day 6, based on the presence of c-Kit + CD27 + cells in OP9-control cultures and c-Kit + Thy1 − cells in OP9-DL1 cultures (Fig. 1A) . To in- vestigate whether alternative developmental potentials could persist, we disrupted FL OP9-control and OP9-DL1 cocultures after 1 or 6 d and split each culture between fresh stromal layers of OP9-control and OP9-DL1 cells, thus either maintaining or changing the initial stromal monolayer (Fig. 4A ). When transferred to OP9-control monolayers after 1 d of culture on either stromal layer, the progeny of the c-Kit + Lin − FL cells gave rise mainly to B cells as if they had been cultured on OP9-control cells all along (Fig. 4B) . Similarly, when plated onto OP9-DL1 after 1 d of preculture on either stromal layer, these cells developed as T-lineage cells of Thy-1 + DN and DP phenotypes, and no B cells could develop (Fig. 4B) . Thus a 1-d preculture was not sufficient to constrain the developmental potential of the c-Kit + Lin − FL precursors. Remarkably, though, the results were similar when cells were transferred at any subsequent day up to 6 d of initial culture ( Fig. 4 ; data not shown). Transferring from OP9-control onto OP9-control or from OP9-DL1 to OP9-DL1 stromal cells gave rise to B-and T-lineage cells, respectively (Fig. 4C) . However, when the population was switched from OP9-control to OP9-DL1, the B-lineage cells disappeared and cells in the cultures were able to generate T cells, in spite of 6 d in the absence of DL1 (Fig.  4C) . Similarly, when cells were switched from OP9-DL1 to OP9-control, T-lineage cells vanished and B-lineage cells were generated (Fig. 4C) . Thus, indeed, some of the hematolymphoid progenitors were still capable of giving rise to T-or B-lineage cells, even after 6 d of OP9-control or OP9-DL1 culture, respectively.
Asynchronous lineage commitment in progeny of single precursors
These results suggest that some precursors remain truly uncommitted after a week of polarizing OP9 culture, but they could alternatively reflect contamination of the starting culture with small numbers of committed cells that survive under adverse conditions of preculture. To determine rigorously whether the same precursor can generate B and T progeny after polarizing preculture, we performed the same switch culture experiments on individual clones. To limit developmental heterogeneity in the starting population, sorted c-Kit + CD27 + Lin − cells were used; this fraction also includes all the c-Kit + Lin − cells that could be scored as clonogenic after 7 d of culture (data not shown). Single c-Kit + Lin − CD27 + cells were plated onto either OP9-control or OP9-DL1 stromal cells, where they were allowed to grow for 1 wk. Subsequently, wells in which cellular growth was observed microscopically were resuspended and replated, with half of the progeny transferred onto fresh OP9-control and half onto fresh OP9-DL1 stromal cells, thus maintaining or changing the initial OP9 stromal layer. The wells were then analyzed 1 wk later. On OP9-control stromal cells, 48 of 168 single cells gave rise to microscopically visible progeny, compared with 52 of 168 cells in the case of OP9-DL1 (combined data of two independent experiments with similar results). All of these cultures went on to generate lymphocytes after replating.
Each clone gave rise to T-or B-lineage cells, respectively, when transferred from OP9-DL1 to OP9-DL1 or from OP9-control to OP9-control (Fig. 5) . When maintained on OP9-DL1 stromal cells, they differentiated very efficiently into DP thymocytes (Fig. 5A) . The majority of the clones did poorly when transferred to the opposite stromal type (Fig. 5A,C) . T-cell differentiation was especially inhibited by transfer from OP9-DL1 to OP9-control cultures, and from most clones, only a few arrested Thy1 + DN1 cells, which might be differentiating into the NK-lineage (Schmitt et al. 2004) , were recovered (Fig. 5A ). These clones were considered committed. However, this was not the only result seen. When transferred after 7 d of culture on OP9-DL1 stromal cells, 11% of the clones were not committed to the T-cell lineage (6/52, two experiments). These clones gave rise to CD19 + B-lineage cells when transferred onto OP9-control cells (Fig. 5B) , while also giving rise to Thy1 ++ DN2 and DN3 thymocytes when maintained on OP9-DL1 stromal cells (Fig. 5B) . Similarly, when initially cultured on OP9-control cells, 92% of the cells analyzed had committed to the B-cell lineage after 7 d of culture. These cells only generated B cells after transfer onto both OP9-control and OP9-DL1 cells (Fig. 5C ). However, still 8% (4/48) had the capacity to initiate the T-cell program, generating Thy1 ++ DN2 and DN3 thymocytes when transferred onto OP9-DL1 cells, although they very efficiently gave rise to B cells when maintained on OP9-control stromal cells (Fig. 5D) .
Thus, the commitment step for FL progenitors to the B-and T-cell lineage can occur at various time points, and the progeny of a single cell can show highly asynchronous differentiation responses, even in this simple monolayer stromal culture environment. Cells do not necessarily lose the potential to initiate T-cell differentiation, even after being cultured without Notch/DL1 interaction for a week. Continuous activation of the Notch-signaling pathway is required to sustain T-cell development, once initiated. However, 7 d of culture on DL1-expressing stroma does not exclusively induce Tcell lineage commitment nor irrevocably block B-cell potential.
Reversibility of initial lineage-specific gene expression changes
A molecular basis for this developmental plasticity could be shown directly by the reversibility of T-and B-cell gene induction in the precursor cells (experimental design, Fig. 6A ). Differential expression of T-cell and B-cell genes initiated while the precursors were still c-Kit + CD27 + , as shown by the polarized RNA expression pattern in these cells when sorted after 4 d of OP9-control or OP9-DL1 culture (Fig. 6B) . The OP9-DL1 precultured cells expressed pT␣ and CD3⑀ and higher levels of GATA-3 and TCF, whereas the OP9-control precultured cells, instead, expressed Pax-5 and elevated levels of EBF. However, these initial positive gene-expression changes remained reversible, as shown by transferring the c-Kit + CD27 + cells to new OP9 stroma after 4 d of initial culture (Fig. 6C) .
Cells initially cultured on OP9-control stroma extinguished their initial Pax-5 expression, up-regulated GATA-3 and TCF-1, and turned on pT␣ and CD3⑀ when transferred to OP9-DL1 (Fig. 6C ). Even the kinetics were similar to those of freshly isolated precursors on OP9-DL1; GATA-3 induction actually appeared to occur somewhat faster. Thus, for cells retaining the precursor phenotype, initial culture under B-cell conditions did not cause any loss of ability to activate a T-cell program in response to Notch/Delta signaling.
More surprisingly, a reciprocal response could be obtained from cells that were precultured on OP9-DL1 for 4 d, and then transferred to OP9-control. These cells showed an immediate loss of pT␣ and CD3⑀ expression, with GATA-3 and TCF-1 undergoing down-regulation after 2 d. In spite of their initial DL1 exposure, these cells could still substantially up-regulate EBF and Pax-5 within 6 d of their transfer to OP9-control culture (Fig.  6C) , with kinetics again similar to those in cultures initiated with naïve c-Kit + precursors (cf. Fig. 3 and Supplementary Fig. 3) . Importantly, for at least 4 d, the yields of RNA from cells switched from one set of conditions to the opposite set of conditions remained indistinguishable from those returned to the initial culture conditions, ruling out artifactual changes in RNA recovery due simply to extensive cell death.
Thus, the initial induction of lineage-specific gene expression in the c-Kit
+ population remains reversible and subject to reprogramming in an altered environment.
Fast and slow-responding T-cell precursors: differential activation of T-cell program, but similar levels of Notch response
The OP9-DL1 cell system provides precursors with a far more uniform signaling microenvironment than the complex structure of the thymus. The results described here thus suggest that the varied and asynchronous re- 
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Cold Spring Harbor Laboratory Press on February 6, 2017 -Published by genesdev.cshlp.org Downloaded from sponses of individual precursor cells to Notch signaling are either intrinsically stochastic or else due to developmental differences among the states of the precursors. In either case, variation in response might reflect the levels of discrete, additional regulatory functions needed to cooperate with Notch signals to elicit the T-cell program and/or to block the B-cell program. However, lacking a direct viable-cell indicator for Notch signaling, we also considered the possibility that some precursors escape commitment simply because they escape Notch/DL1 interaction, due to cell-density effects or to possible differences in Notch expression (Fig. 7A) .
If Notch signaling is the only rate-limiting event in entry into the T-cell pathway, then the earliest responding cells should show greater Notch-response gene induction than cells that have not turned on T-cell genes at the same time point. If additional rate-limiting factors are required, however, then discontinuities may be seen between the patterns of activation of direct Notch target genes and of T-lineage differentiation genes. Only a minority of c-Kit + CD27 + cells up-regulate CD25 and Thy-1 within the first 4 d of OP9-DL1 culture. When sorted to compare gene expression levels, the c-Kit + CD27 + cells that have become CD25
+ after 4 d of culture are the only ones to express pT␣ and CD3⑀, with levels ∼100× higher than in the cells remaining CD25 − from the same cultures (Fig. 7B) . They also show higher GATA-3 and substantially higher TCF-1 expression than the CD25 − cells. However, the CD25 − and CD25 + subsets have indistinguishable levels of HES-1 induction, both equally elevated as compared with the original uncultured c-Kit + CD27 + cells and compared with OP9-control-derived progeny (Fig. 7B) . Similarly, the expression of Deltex1 and Nrarp, two other Notch-specific signaling targets Lamar et al. 2001) , is equally induced in unspecified CD25− and specified CD25+ Tcell progenitors after OP9-DL1 coculture (Fig. 7B, left) . Conversely, after 4 d in OP9-control cultures, HES-1 is slightly induced in both committed CD19 + and uncommitted CD19 − c-kit + cells, but not Deltex1 or Nrarp (Fig.  7B, right) . Yet, GATA-3 and TCF-1 are both detectable in the CD19 − c-kit + cells, while absent in the CD19 + cells in the same cultures. Thus, at least one other regulatory input beside Notch/DL1 signaling is required to explain the differential induction of T-lineage genes between lymphoid precursor subsets on OP9-DL1 and OP9-control stroma.
Cell transfer experiments confirm that the c-Kit + Lin − starting population includes both rapidly and slowly differentiating precursors. When the CD25 + cells from OP9-DL1 cultures are resorted and transferred to fresh cultures, they differentiate rapidly into CD44 − DN3/4 and CD4 + CD8 + T-lineage cells (Fig. 7C , "CD25 + "). They complete differentiation significantly faster than the c-Kit + CD27 + cells that are still CD25 − after 4 d of OP9-DL1 culture (Fig. 7C, "CD25 − "). However, these "slower" precursors still have clear T-cell lineage potential, as they also give rise to more differentiated CD4 + CD8 + cells (Fig. 7C, day 10) . Conversely, in OP9-control cultures, the first c-Kit + cells that turn on CD19 expression within 4 d have almost completely lost the capability to give rise to T cells when transferred to OP9-DL1 culture (Fig. 7C, "CD19 + "). This is consistent with other evidence that CD19 expression, driven by Pax-5, is correlated with B-lineage commitment (Nutt et al. 1999) . However, the c-Kit + cells from OP9-control cultures that are still CD27 + CD19 − at the same time point retain considerable T-lineage potential (Fig. 7C, "CD19 − "), similar to the T-lineage developmental potential of the slower differentiating cells from the OP9-DL1 cultures.
Taken together, these results show that both the timing of the T-lineage gene-induction response to Notch/ DL1 signaling and the requirement for Notch/DL1 signaling to preserve the T-cell option are controlled by cell-intrinsic regulatory inputs in addition to the activity of the Notch pathway itself.
Discussion
Notch/Delta signaling has emerged as the only regulatory input for T-cell development that is both essential and consistently positive over a wide dose range. By the final stages of lymphoid precursor specification, it is known that Notch signaling is continuously required to establish and maintain T-lineage identity, and to block B-lineage specification (Pui et al. 1999; Wilson et al. 2001; De Smedt et al. 2002; Schmitt et al. 2004 ). However, this may not be the only stage at which Notch/ Delta interaction promotes T-cell development. Several lines of evidence have recently indicated that multipotent precursors give rise to divergent types of partially restricted lymphoid progenitors, some biased toward T lineage and some biased toward B lineage (Baba et al. 2004; Schwarz and Bhandoola 2004; Rothenberg and Taghon 2005) . These studies raise the question of whether Notch signaling plays a role at the multipotent precursor level as well. Traditional approaches of germline transgenesis and steady-state analysis of population phenotypes have not shed much light on mechanisms that may initiate T-lymphocyte development at the level of multipotent precursors. However, the OP9-based stromal cell culture system for T-cell development (Schmitt and Zúñiga-Pflücker 2002) provides a powerful way to study this process in detail. The absence or presence of DL1 expression is the only difference between cultures that support either B-or T-cell development. Thus, this dual culture system is the ideal setup to compare the kinetics of initiation of B-and T-cell commitment from the same hematopoietic progenitor cells.
Our results show that T-lineage commitment from multipotent FL progenitors has three unexpected features. First is the delayed time course and initial reversibility of T-cell regulatory gene induction in response to Notch/Delta signaling. Second, responsiveness to the Notch/DL1 signal is extremely flexible in developmental time; precursors can proliferate in OP9-control culture for days, before the T-cell differentiation cascade is triggered by transfer to OP9-DL1 cells. Third, uncommitted precursors are found to persist for almost a week, although in diminishing numbers, in the OP9-DL1 as well as the OP9-control cultures. This is most dramatically illustrated in functional assays of single-cell progeny, by OP9-DL1 cultured clones remaining capable of B-lineage differentiation despite Notch/Delta antagonism, as well as by OP9-control cultured clones remaining capable of T-lineage differentiation while delivery of the Notch/Delta signal is delayed. These results imply that Notch/Delta triggering may be necessary, but is not sufficient, to trigger the onset of T-cell development or T-lineage commitment, even within a single clone.
The OP9-DL1 culture system clearly delivers a specific instructive signal for T-cell development. Expression of pT␣, GATA-3, TCF-1, and CD3⑀ is significantly induced in response to the DL1 ligand, contrasting with little if any up-regulation on OP9-control stroma. Yet on OP9-DL1, the T-cell program is induced gradually, in contrast to the direct target HES-1. Differentiation is slow with respect to Notch/Delta signaling, but swift with respect to expression of T-cell-specific transcription factors, since differentiation genes such as pT␣ and CD3⑀ are induced with almost the same kinetics as GATA-3 and TCF-1. Furthermore, the program appears to initiate coordinately in the responding cells, with a part of the population beginning a multigene activation of the T-cell program by 3-4 d, while other precursors delay even longer. Subsets that have up-regulated Notch targets HES-1, Deltex1, and Nrarp to similar extents can show an all-or-none difference in their expression of CD25, pT␣, and CD3⑀. There are only a few hints that GATA-3 itself may be inducible in a broader fraction of Notch-responsive cells than those that are ready to activate the full program. The delayed and asynchronous induction of T-cell differentiation genes shows that some additional rate-limiting regulatory feature, beside Notch/Delta signaling, is required to initiate the expression of these T-lineage-specific genes. We propose that expression or induction of this regulatory input, termed "X" in Figure 8 , may also be one of the factors that distinguishes "fast" and "slow" differentiating subsets of precursors, as discussed below.
The B-cell and T-cell differentiation responses, at a population level, are marked by prolonged plasticity. There are at least two nonexclusive mechanisms that may be responsible; on the one hand, an intrinsic reversibility of the early specification process itself, and on the other hand, the ability of some precursor cells to delay specification. Even once T-or B-lineage gene expression is induced, this program appears to be fully reversible. The T-lineage genes shut off within 2-4 d if the cells are removed from DL1. On OP9-control stroma, among the genes turned on by c-Kit + CD27 + precursors are two Blineage factors that powerfully antagonize T-cell development in vivo, EBF (Zhang et al. 2003) and Pax-5 (Souabni et al. 2002) . However, if the c-Kit + CD27 + cells are transferred to OP9-DL1 at day 4, these genes are rapidly turned off, and the T-cell program begins unimpaired. There is even some evidence in several of our experiments that OP9-DL1 induces GATA-3 faster in cells that have been precultured on OP9-control stroma. These results are fully in accord with the recent report that Pax-5-deficient pro-B cells can also initiate T-lineage gene expression on OP9-DL1 cells, even faster than the multipotent progenitor-dominated populations used here (Höflinger et al. 2004 ). Notably lacking is evidence for any kind of "lock-down" circuit behavior in early lymphocyte differentiation, during the first 4-6 d, such as operates in many embryonic gene regulatory networks (Davidson et al. 2003) . The reversal phenomenon is clear on the population level, and the fact that there is little or no kinetic penalty means that it is likely to apply to many individual cells in the cultures as well, at least as long as they retain the c-Kit + CD27 + phenotype. The strongest case for plasticity can be made for the slowly differentiating cells in these cultures. There are also a minority of fast-differentiating cells in both OP9-control and OP9-DL1 cultures. These show a more pronounced lineage-specific gene expression pattern compared with those cells remaining CD27 + c-Kit + CD25
− after 4 d, and have less developmental plasticity, as shown at the single-cell level. Thus, the "fast" cells (Fig.  8, left) do contribute disproportionately to the earliest increases in lineage-specific gene expression in the cultures, around days 3-4. However, over time, these are not the only contributors to lymphocyte differentiation in the cultures. Our results emphasize that slowly differentiating cells (Fig. 8, right) are also highly efficient T-cell precursors, but correspond more closely to expectations for cells that retain a multipotent progenitor phenotype in culture, since they also retain B-cell potential.
The kinetics of gene expression in transfer experiments (Figs. 6C, 7B) as compared with those of the initial population ( Fig. 3) imply that slow-differentiating cells can be recruited continuously into differentiation, in what may be a stochastic process. The differentiation path they follow can lead either to the T-or the B-lineage, irrespective of the stroma from which they came. Switching cells from one culture condition to another proves that plasticity at the level of distinct responses is retained within a single clone. Remarkably, after 7 d of continuous Notch/DL1 stimulation, uncommitted progenitors are still present in ∼10% of clones undergoing T-lineage differentiation, as these clones are able to give rise to B cells when transferred onto OP9-control cells. This suggests that the initial single cells in these conditions give rise to heterogeneous daughter cells, some of which are clearly not yet committed to the T-cell lineage. Preculture in B-cell conditions for a week also permits survival of cells within the clone with the capacity to undergo T-lineage differentiation.
In at least some cases, the same clone can generate committed and uncommitted cells. Individual clones can start B-lineage development and still give rise to Tlineage cells, since CD19 + cells are still recognizable after transfer to OP9-DL1 culture (Fig. 5B) . Committed B cells can survive in the presence of continuous Notch signaling as shown previously (Schmitt and Zúñiga-Pflücker 2002) . However, T-lineage-committed cells cannot be detected after transfer to OP9-control culture. Although 7 d of OP9-DL1 culture is sufficient for differentiation to the DN3 stage, if the cells are removed from DL1 at this time, neither DN2, DN3, DN4, or DP cells with high levels of Thy1 expression survive 7 d later. This confirms reports that continuous Notch signaling is required in T-lineage cells for survival and/or for maintenance of their specification, even once T-cell differentiation is under way (Davidson et al. 2003) .
One powerful application of this culture system should be to help identify additional molecular requirements for entry into the T-cell pathway. This has remained a problem for the field, because Notch signaling does not have uniquely T-lineage-specific effects (Schroeder et al. 2003) , whereas the one known T-cellspecific transcription factor, GATA-3, blocks T-cell development when overexpressed (Chen and Zhang 2001; Taghon et al. 2001; Anderson et al. 2002) . Identification of additional regulators that cooperate with Notch signaling to give it specificity would be an important advance. The delay between delivery of the first Notch/ Delta signals and the onset of GATA-3 and TCF-1 expression in the OP9-DL1 system precisely defines the temporal window within which any additional positive T-lineage regulators must begin to act, thus providing a kinetic assay for their identification. Fast-and slow-differentiating subsets of precursors, if they can be isolated prospectively, should also differ in their expression or inducibility of such regulators.
In conclusion, we have demonstrated that hematopoietic progenitor cells exhibit a high level of plasticity in their responses to instructive signals provided by Notch/ Delta interactions in the context of IL-7, Flt3-L, and OP9 stromal cells. This conclusion contrasts with a common image of the role of Notch signaling in T/B lineage choice, in which the Notch/Delta signal acts as a simple binary switch that blocks other fates as a direct effect of its action at initiating the T-cell program. Instead, these precursors appear to be choosing among at least three possible states, i.e., T-specified, B-specified, and remaining unspecified or multipotent. The first of these is dependent on DL1 and the second is antagonized by it, but the last option is not directly controlled by Notch/DL1, and can remain open in either case. The transit between multipotent and specified states is asynchronous among different precursor cells and initially reversible, as shown at the gene-expression level. These features imply that Notch/Delta signaling cooperates with an additional, time-delayed function(s) in an unstable regulatory network in the T-lineage specification of multipotent precursors.
Materials and methods
Monoclonal antibodies and flow cytometry
All monoclonal antibodies used were from EBioscience: CD4 (clone GK1.5, CY and APC), CD8␣ (clone 53-6.7, FITC), CD11b (clone M1/70, biotin), CD19 (clone MB19.1, PE and biotin), CD25 (clone PC61.5, FITC and CY), CD27 (clone LG.7F9, FITC, PE and APC), CD44 (clone IM7, PE and APC), CD45 (clone 30F11, PE and APC), c-kit (clone ACK2, PE and CY), F4/80 (clone BM8, biotin), Gr-1 (clone RB6-8C5, FITC and biotin), Ter-119 (clone TER-119, biotin), and Thy1 (CD90, clone 30-H12, FITC and APC). For detection of biotinylated antibodies, streptavidin-CY was used. Before each antibody staining, cells were incubated for 20 min in supernatant from clone 2.4G2 anti-CD32/CD16 (Fc␥RIII/II) to block Fc receptors. Data was acquired and analyzed using CellQuest software (Becton Dickinson Immunocytometry Systems [BDIS]) on a FACS Calibur (BDIS).
Purification of fetal liver cells and OP9 cocultures
Fetal liver (FL) cells obtained from embryonic day 14-14.5 (E14-E14.5) BDF1 mouse embryos were depleted of Gr-1 + , F4/80 + , Ter119 + , and CD19 + cells through labeling with the corresponding biotinylated antibodies, followed by incubation with streptavidin-coated magnetic beads (Miltenyi Biotec). Labeled cells were subsequently removed by magnetic column separation (Miltenyi Biotec). Finally, lineage-depleted FL cells were stained with c-Kit-PE and streptavidin-CY and c-Kit + Lin − cells were sorted. Cell sorting was performed on a FACS Vantage (BDIS) using CellQuest software (BDIS).
OP9-MIG and OP9-DL1 stromal cells (Schmitt and Zúñiga-Pflücker 2002) were cultured in Minimum Essential Medium Alpha (Invitrogen), supplemented with 20% fetal bovine serum (Hyclone), 100 U/mL penicillin, 100 µg/mL streptomycin, and 1× L-glutamine (all from Invitrogen), and plated 1 or 2 d before use in 24-well plates (Corning) to achieve a confluent monolayer of cells. 
Single-cell cultures
For single-cell experiments, lineage-depleted FL cells were stained with c-Kit-PE, streptavidin-CY, and CD27-APC. Single c-Kit + CD27 + Lin − cells were sorted using the Clonecyte software (BDIS) on the FACSVantage (BDIS) into one well of a 96-well plate (Corning) containing a confluent monolayer of OP9-MIG or OP9-DL1 stromal cells in the same conditions as mentioned above. After 1 wk, wells that showed cellular growth (scored microscopically) were resuspended and cells were replated, half of the progeny onto fresh OP9-MIG stromal cells and the other half onto fresh OP9-DL1 stromal cells. After an additional week of culture, cells were harvested and analyzed by flow cytometry. Two stainings were performed on each sample.
RNA extraction and quantitative real-time RT-PCR
RNA was extracted using the RNeasy miniprep kit (Qiagen) and converted into cDNA using Superscript RT II (Invitrogen) following the guidelines of the manufacturer. Real-time PCRs were performed using the SYBRGreen Universal Master Mix (Applied Biosystems) and analyzed on the GeneAmp 7700 sequence detection system (Applied Biosystems). For data analysis, each primer set was used to generate a standard curve with 10-fold dilutions of a positive control sample, and the CT values for experimental samples were converted to relative cDNA levels based on the standard curve for that primer set. In most cases, the standard curve was linear over more than three decades, with a slope close to the theoretical value of −3.3. To correct for differences in inputs among samples, results were then normalized to equivalent levels of GAPDH, calculated similarly from the standard curve for those primers. These normalized values are presented (Figs. 3, 6 ) in units, such that the expression of each gene in the starting population is taken as "1." Primer sequences (forward = fw, reverse = rev) were taken from previous reports (Anderson et al. , 2004 Yun and Bevan 2003) or are as follows (5Ј to 3Ј): CD3⑀ fw, CGTCCGCC ATCTTGGTAGAG, and CD3⑀ rev, ATTCAATGTTCTCGGC ATCGT; GATA-2 fw, GGAGACGATTGTGCTGAGTCAA, and GATA-2 rev, AAAATGCTGCCGATTCTTCTCT; HES-5 fw, TCGGGACCGCATCAACA, and HES-5 rev, CAGGTAGC TGACGGCCATCT; TCF-1 fw, TGCTGTCTATATCCGCAG GAAG, and TCF-1 rev, CGATCTCTCTGGATTTTATTCTCT.
